Some patients with moyamoya disease treated by conventional surgical procedures may develop postoperative refractory ischemia and perioperative cerebral infarction in the anterior cerebral artery (ACA) territory. We present a novel operative procedure for moyamoya disease to avoid the risk of ischemia in the ACA territory, which consists of simultaneous superficial temporal artery (STA) to middle cerebral artery (MCA) or ACA bypass with pan-synangiosis, encephalo-duro-arterio-myosynangiosis for the lateral frontal and temporal areas, and encephalo-galeo-arterio-synangiosis for the medial frontal area. This procedure can establish direct bypass to the ACA territory at the first intervention. Simultaneous STA-MCA and STA-ACA bypasses with pan-synangiosis is suitable for patients with moyamoya disease associated with severely impaired perfusion of the ACA territory requiring direct bypass surgery.
Introduction
Moyamoya disease, an occlusive disease of the circle of Willis, is characterized by the progressive stenosis of the bilateral internal carotid arteries at the terminal portion and the appearance of networklike moyamoya vessels at the base of the brain. Various methods of vasoreconstructive surgery are accepted as treatment for moyamoya disease, including direct bypass such as superficial temporal artery (STA) to middle cerebral artery (MCA) bypass 8) ; indirect bypass such as encephalo-duroarterio-synangiosis, 20) encephalo-duro-arterio-myosynangiosis (EDAMS), 12) and omentum transplantation 9) ; multiple burr holes 1, 11) ; and a combination of direct and indirect bypasses. 4, 10, 12) Such methods provide good neovascularization through the extracranial arteries and reduced risk of cerebral ischemia after the surgery. Revascularization surgery for pediatric moyamoya disease has been consistently effective in eliminating ischemic neurological symptoms irrespective of the use of direct or indirect bypass surgery. 6, 8, 12, 19) Vasoreconstructive surgery is usually performed to cover the lateral frontal, temporal, and parietal lobes, which are territories of the MCA, with satisfactory results in most patients. However, patients have suffered refractory ischemic episodes due to insufficient flow to the anterior cerebral artery (ACA) territory. 5, 7, 17) Vascular reconstruction targeted to the territory of the ACA is important, because insufficient blood flow in the ACA territory Perioperative  complications  Postoperative symptoms   1  TIA  7  9  F  rt  lt  none  TIA disappeared  2  TIA  10  12  F  lt  rt  none  TIA disappeared  3  TIA  3  5  F  lt  rt  none  TIA disappeared  4  TIA  5  6  F  rt  lt  none  TIA disappeared  5  headache  6  8  M  lt  rt  none  headache attenuated  6  TIA  7  10  M  lt  rt  tiny Direct and Indirect Pan-synangiosis for Moyamoya Disease would result in cerebral infarction before reoperative surgery. 15) However, such reconstruction is based on indirect bypass, which has no immediate effect to improve cerebral perfusion, and is sometimes unsuccessful especially in adult patients with moyamoya disease. Revascularization from indirect bypass by encephalo-myo-synangiosis 8) or EDAMS 12) begins to develop 2 weeks after surgery and becomes well developed at 3 months postoperatively.
Here we describe a method of simultaneous STA-MCA and STA-ACA bypass with pan-synangiosis to establish both direct and indirect bypasses to both ACA and MCA territories, thus providing an effective vasoreconstructive procedure for moyamoya disease associated with impaired blood flow in the ACA territory.
Materials and Methods
We have performed vasoreconstructive surgery in 35 hemispheres of 22 patients with moyamoya disease since 1996. During this period, 26 hemispheres of 16 patients, four males and 12 females aged 5 to 59 years, were treated with simultaneous STA-MCA and STA-ACA bypass with pan-synangiosis (EDAMS for the lateral frontal and temporal areas and encephalo-galeo-arterio-synangiosis [EGAS] for the medial frontal area). Selection criteria for STA-ACA and STA-MCA bypasses were based on cerebral blood flow (CBF) study and angiographical findings; i.e. impaired blood flow in the ACA territory, and occlusion of the proximal portion of the ACA. STA-ACA bypass was not performed if no branches of the ACA were suitable for anastomosis. Clinical profiles of the patients who underwent the complete procedure including STA-ACA bypass are shown in Table 1 . Moyamoya disease manifested as transient ischemic attacks (TIAs) in 11 patients, cerebral infarction in four, and only headache in one.
Surgical Procedures
The surgical technique for the lateral area of the brain was previously reported. 4) This technique can establish both direct and indirect bypasses even in the medial frontal area. The skin incision is made along the course of the parietal branch of the STA and extended upward to the midline near the bregma and then along the midline downward to the hairline (Fig. 1A) . Using this larger skin flap, a longer portion of the frontal branch of the STA can be dissected which is adequate to reach the medial frontal area. The temporal muscle is separated as widely as possible. The galea of the frontal skin flap is also dissected, preserving a small vascular pedicle from the frontal branch of the STA (Fig. 1B) . The normal frontotemporal craniotomy is performed, which can be covered with the temporal muscle flap, preserving the middle meningeal artery. The medial frontal craniotomy, which should be matched to the size of the galeal flap, is made separately (Fig. 1C) . A larger craniotomy might be lead to less favorable cosmetic results. These two separate craniotomies preserve a bridge along the linear temporalis, and thus can retain the original shape of the skull.
The dura is then opened to preserve the main branch of the middle meningeal artery. Special attention is needed to avoid injury to the frontal cortical veins draining into the superior sagittal sinus. Selection of the branch of the ACA to act as recipient of the STA-ACA bypass is sometimes difficult. The area under the medial frontal craniotomy is the border zone between the ACA and MCA territories. We select a branch of the ACA passing upward from the interhemispheric fissure as the recipient. The frontal branch of the STA is then dissected very carefully to reach the recipient artery. The STA-ACA anastomosis is performed in an end-to-side fashion (Fig. 1D) . STA-ACA bypass is technically more difficult than STA-MCA bypass, because the diameters of the anastomosed vessels are smaller. One or two STA-MCA bypasses are also established using other branches of the STA (Fig. 1D) .
EDAMS is then performed in the usual way to cover the lateral craniotomy, and EGAS to cover the dural opening of the medial frontal craniotomy with the vascularized galeal flap (Fig. 1E) . Cranioplasty is then performed for both craniotomies using bone flaps. Bone gaps are filled with bone chips and fibrin glue to avoid postoperative depression of the skull and face.
Results
One pediatric patient suffered postoperative cerebral infarction in the frontal lobe manifesting as transient restless consciousness. Minor skin problems (localized alopecia along the skin incision) occurred although the STA branches were extensively separated from the scalp.
TIA completely disappeared in nine of the 11 patients presenting with TIA, and the frequency of TIA markedly reduced in the other two. Symptoms improved in all four patients presenting with cerebral infarction. Intellectual ability apparently improved in three of the four patients. Headache was attenuated in one of the two patients presenting with headache. 
Illustrative Case Report
A 25-year-old woman (Case 9) visited our hospital complaining of dullness in the right upper extremity, emotional changes, and speech disturbance. Neurological examination found slight right hemiparesis and motor dominant aphasia. Magnetic resonance imaging showed cerebral infarction in the subcortical area of the left frontal lobe (Fig. 2) . Cerebral angiography revealed severe stenosis of the left internal carotid artery at the terminal portion associated with dilated moyamoya vessels, and mild stenosis of the right internal carotid artery and occlusion of the right ACA at the A 1 segment (Fig. 3) . Single photon emission computed tomography (SPECT) showed severe attenuation of the regional CBF (rCBF) in both left ACA and MCA territories (Fig. 4 upper row) . She first underwent direct and indirect bypass surgery on the left. The proximal portion of the right ACA was occluded, so she also underwent the same procedure on the right 2 weeks after the first surgery. Postoperative course was uneventful. She completely recovered from the hemiparesis and aphasia. Postoperative left external carotid angiography 3 months after the surgery showed neovascularization from the direct and indirect bypasses (Fig. 5A) . The stenosis of the right ACA was severe, but the STA-ACA bypass was patent and the STA was enlarged (Fig. 5B) . The stenosis of the MCA was not so severe, so neovascularization in the MCA territory was not so rich at this time (Fig. 5B) . Postoperative SPECT showed improved rCBF including the medial frontal area (Fig. 4 lower row) . Her intellectual ability on the Wechsler Adult Intelligence Scale-Revised had increased from 66 in the preoperative period to 81 in the postoperative period. She returned to her previous job 4 months after the onset.
Discussion
TIAs in the lower extremities are known to persist after vasoreconstructive surgery in some patients. In particular, repetitive paraparetic TIA after the first operation (STA-MCA bypass and encephalomyo-synangiosis) was associated with poor cerebral hemodynamics in the frontal lobe in eight of 25 patients with pediatric moyamoya disease. 22) Various vasoreconstructive procedures for the frontal lobe have been performed. Direct STA-ACA bypass surgery was performed as a secondary surgery for refractory ischemic episodes. 5, 7) Indirect bypass surgery targeting the frontal lobe, 21) ribbon EDAMS, 13) burr holes, 1, 11) and dural pedicle insertion over the brain surface combined with encephalo-galeo-synangiosis 23) have also been reported. The present study describes the technical procedure to establish vasoreconstructive surgery including direct bypass for the ACA territory at the first intervention. Known risk factors for perioperative ischemic complications include frequent TIAs, indirect bypass procedures, hemodynamic compromise, dehydration, lacrimation, hypotension, and hypercapnia as well as hypocapnia. 14) Blood flow directly supplied by the STA-ACA bypass, even if only a very small amount, may be helpful in preventing the perioperative risk of stroke and terminating postoperative ischemic symptoms, as found with STA-MCA bypass. 6) Indeed, we treated two patients who suffered infarction in the ACA territory after STA-MCA bypass combined with EDAMS. 15) We speculate that the blood supply to the ACA territory in those patients may have worsened with reduction of collateral flow through the moyamoya vessels as a result of changes in the hemodynamics after the STA-MCA bypass combined with EDAMS. 14) Avoiding the risk of hypoperfusion in the ACA territory is also important in the perioperative period for improving the outcome, especially if the patient has impaired preoperative hemodynamics in the ACA territory. On the other hand, if the ischemia is located only in the MCA territory, we should anastomose pedicles of the STA mainly to branches of the MCA.
Vasoreconstructive surgery through``small craniotomy'' does not improve cerebral hemodynamics in the frontal lobe. 14, 18, 22) Intellectual outcome is an important consideration in treating patients with moyamoya disease. 10) Recent studies have suggested a close relationship between intellectual development and frontal lobe function in children. 2) Chronic blood flow reduction in the frontal lobe may be responsible for poor intellectual outcome. Ischemic attacks were still observed after a mean of 6 years 11 months in half of a series of the TIA-type patients treated nonsurgically, whereas the ischemic symptoms disappeared within 5 years after onset in the other half. 3) The TIA-type patients had a good intellectual prognosis. 3) Other studies have suggested that intellectual impairment would progress, even in TIA-type patients, if they did not undergo appropriate surgical treatment. 16, 19) We are not certain whether direct STA-ACA bypass is always necessary or only indirect bypass targeting the medial frontal area such as EGAS is sufficient for this intellectual improvement. Further follow-up studies are necessary.
In conclusion, simultaneous STA-MCA and STA-ACA bypasses with pan-synangiosis are suitable for patients with moyamoya disease associated with severely impaired perfusion in the ACA territory requiring direct bypass surgery. The surgical procedure may prevent intellectual deterioration and improve the overall outcome by normalizing cerebral hemodynamics in the frontal lobe.
Commentary
Ishikawa and colleagues are congratulated on fantastic outcomes in 16 cases where unilateral (n ＝ 6) or bilateral (n ＝ 10) extensive combined direct and indirect ACA and MCA revascularization was performed for moyamoya disease. The procedure is well described, including low flow (direct STA to MCA and STA to ACA) bypass and indirect encephalo-duroarterio-myo-synangiosis and encephalo-galeo-arteriosynangiosis for MCA and ACA territories, respectively. Cases included eight pediatric (as young as 5 years of age) and eight adult patients. There was only one reported minor infarct and no other complications in the 26 procedures. This alone is a technical feat, and the results are surely compelling.
